Previous studies of color matching found that Grassmann's laws are not obeyed in the short-wavelength region when the method of maximum saturation matching is compared with Maxwell matching. The first experiment evaluated whether the discrepancy might be due to a discrimination matching range asymmetry around either the saturated or desaturated matches and concluded that asymmetry is not the dominant factor. The second and third experiments were designed to evaluate postreceptoral mechanisms. The results pointed to the conjunction of three factors as being the principal cause of the failures of Grassmann's laws: the spatial inhomogeneity of the macular pigment distribution, the spatially dissimilar L/M-and S-cone distributions, and a change in the weightings of postreceptoral mechanisms mediating S-cone chromatic and L/M-cone luminance discriminations.
INTRODUCTION
A human observer looking at a colored object has no way of knowing from its appearance the spectral composition of the physical stimulus. If the stimuli in two fields agree in their spectral composition and luminance, the match is called isomeric. Color stimuli differing in spectral distribution also may look equal; such matches are called metameric. When the spectral distributions are substantially different, the matches are considered highly metameric. The common belief is that a human observer with normal color vision can match a light of any spectral composition to an additive mixture of three suitably chosen primary lights by manipulating the radiances of the three primaries.
A. Quantal Theory
In 1853, Grassmann [1] set forth the proposal that additive color matching could be treated as a linear system. Grassmann, building on the knowledge of color matching of his time, formulated four rules allowing metameric color matching to be treated as a linear system. Today, these properties are called Grassmann's laws:
(1) Additivity: If light A matches light B, then the mixture of light A and light C matches the mixture of light B and light C.
(2) Scalar multiplication: Change of the luminance of the whole field of a match does not disrupt the match.
(3) Association: A metameric mixture may be substituted for a color field without changing the metameric property of the field.
(4) Transitivity: If A matches B, and B matches C, then A matches C.
The modern interpretation of Grassmann's laws in terms of the short (S), middle (M) and long (L) wavelength cones is that when a color match between two fields is achieved, the rate of quantal absorption for each cone type is exactly the same for the two fields. Thus, at the color match between fields 1 and 2
where Q represents quantal absorption rate and the subscripts indicate the class of cone.
Grassmann's laws should be satisfied for color matches if the experimental conditions are such that rods do not participate, and the light levels are not so high that the optical densities of the photopigments decrease significantly. A trichromatic color match should remain a match under various experimental conditions, despite a change in appearance of the matching field. The linearity of color matching requires that a color matching function obtained under one set of primaries be a linear transform of a color matching function obtained under another set of primaries. While this appears true under a restricted set of laboratory conditions [2, 3] , a number of studies have noted exceptions [4] [5] [6] [7] [8] [9] [10] [11] [12] . The Grassmann Law failures occur in the short-wavelength region of the spectrum. Here we explore potential origins of the failures.
B. Pristine Theory Meets Biological Reality: Retinal Inhomogeneity
The most common experimental arrangement for color mixture experiments is to present a split circular field with juxtaposed test and comparison stimuli. The observer is instructed to fixate on the center of the field when making the match. A requirement of the quantal match theory is that a match is established when there is a quantal match for each of the three cone types at every location along the dividing line between the two fields. This will not be satisfied if there are spatial differences in prereceptoral filtering and/or receptor sensitivities from the center of the fovea, the retinal locus of fixation, and the peripheral regions of the stimulated visual field.
The causes of retinal inhomogeneity differ in the middle-tolong wavelength and short-to-middle wavelength regions of the visible spectrum. In the middle-to-long wavelength region, there is variation in receptoral spectral sensitivities due to changes in photopigment optical density with retinal position. Light must be absorbed in the cone photopigments to be seen. The concentration of the pigment in the photoreceptor and the length of the light path affect an absorption spectrum. As light traverses a greater concentration of pigment, more light is absorbed and the absorption spectrum broadens. The rule governing absorption follows Beer's law. For visual photopigments, concentration and pathlength can be treated as a single factor: the effective photopigment optical density.
A graphical sketch to demonstrate how the absorption spectrum broadens as the effective optical density increases is shown in Fig. 1 . The upper left panel schematically illustrates a path through a beaker of the rod photopigment rhodopsin. The curves show the calculated effective fractional absorbance at each successive layer of pigment. Light reaching each successive layer is the product of the incoming light and the transmission of the layers that precede them. At the initial layer (1), the absorption resembles that of the extinction spectrum. At each succeeding layer, absorbed quanta are removed from the light reaching the following layer. At the final layer (6) , most of the absorption is taking place in the tails of the extinction spectrum. The absorptance spectrum is the sum of the absorbances of all layers. The lower left panel shows the relative fractional absorption, with the spectrum broadening with increased optical density.
Cone photoreceptors vary in length with retinal position, being longest in the center of the fovea [13] [14] [15] [Fig. 1, upper  right panel] . The functional consequences of this inhomogeneity were demonstrated with Rayleigh matches (589 nm 545 nm 670 nm) for fields of view varying from 30' to 10° [ 16] [ Fig. 1, lower right panel] . The matches at the different field sizes are sufficiently disparate that the mixture field G/R for a 2°match when viewed in a 30' field is unacceptable, with the mixture appearing redder than the field illuminated by 589 nm. Likewise, a match made at 10°appears too red when the field diameter is confined to 2°. These data present a difficulty for a pure form of the quantal theory. Since the 30' field is present in the center of the larger fields, a quantal mismatch is present when an observer makes the color match at a larger field size. Rayleigh matches with annular fields show that the match corresponding to the full field match is intermediate between the matches made at the center or the edge of the visual field (Pokorny and Smith, unpublished observations). Thus the visual system seeks perceptual uniformity, adjusting the G/R ratio so that a quantal match is achieved at a Fig. 1 . A source of retinal inhomogeneity at mid-to-long wavelengths. The photopigment absorption spectrum broadens with an increase in pathlength. The upper left panel shows an illustration of a path through a beaker of the rod photopigment rhodopsin. Light reaching each successive layer is the product of the incoming light and the transmission of the layers that precede them. At the final layer (6) , most of the absorption is taking place in the tails of the extinction spectrum (Goldstein and Williams [13] ). The lower left panel shows the relative fractional absorption (Dartnall [14] ). As the effective optical density increases, the absorption spectrum broadens. Upper right panel: Cone outer-segment lengths are longest in the center of the fovea (data of Cheng-Yu and Van Sluyters, published by Banks, Sekuler & Anderson [15] ). Lower right panel, Rayleigh match midpoints as a function of field diameter (Pokorny and Smith [16] ). Average log G/R ratios for 10 observers. A color match made at a small field diameter appeared unacceptable when viewed in an 8°field (and visa versa). However, the 8°color matches appeared homogeneous to the observers despite the quantal mismatch at the field center.
point along the radius of the border where there are quantal mismatches both closer to the center and closer to the edge of the field. At the color match, the entire field appears homogeneous notwithstanding quantal mismatches at both the center and edge of the field. Despite this inhomogeneity, color matches in the long-wavelength region generally obey Grassmann's laws [6, 8, 9, [19] [20] [21] [22] .
The short-to-middle wavelength region has two major sources of retinal inhomogeneity. First, the macular pigment, a prereceptoral filter absorbing short-wavelength light, has highest density in the central region of the fovea [ Fig. 2 , left panels]. The macular pigment density spectrum is predominantly in the short-wavelength region with a peak near 460 nm and a half-band width of ∼35 nm. The spatial distribution of macular pigment is inhomogeneous, with highest density at or near the center of the fovea decreasing with eccentricity. In about 50% of observers, the distribution of macular pigment around the fovea assumes a bimodal pattern, consisting of a central exponential-like distribution surrounded by a distinct ring pattern at a distance of about 0.7° [23, 24] . There is considerable intra-individual variation in the maximal density of macular pigment, with variation in the population estimated to be about 8-fold [25] .
Second, the distribution of the S-cones differs from that of the L/M-cones. The density of L/M-cones is highest in the center of the fovea, decreasing systematically with eccentricity [ Fig. 2, upper right panel] . S-cone density peaks at an eccentricity of about 1°. There is a central area in which S-cones are sparse or absent, the diameter of which is about 0.35° [29] . There is a functional consequence directly attributable to this inhomogeneity: the S-cone system sensitivity decreases near the center of the fovea [28, 30] [Fig. 2 , lower right panel], producing a relative scotoma for S-cone mediated thresholds. The data in this paper support the idea that both of these inhomogeneities contribute to a failure of Grassmann's laws in the short-to-middle-wavelength region.
C. Imperfect Discrimination-Range of Acceptable Matches A second category of potential quantal theory failure involves chromatic discrimination. Asymmetric discrimination around a quantal match is a potential source of failure of the quantal theory. While human chromatic discrimination is highly precise, there is a measurable region around a reference chromaticity that cannot be distinguished from the reference. Brown and MacAdam [31] represented the region of indiscernibly different matches as an ellipsoid. Observers may search for a midpoint of the match range either intuitively or deliberately and set the match accordingly. If the match range were asymmetric around the quantal match, the midpoint of the Fig. 2 . Sources of retinal inhomogeneity at short-to-mid wavelengths. Left panels: The macular pigment optical density is highest in the center of the fovea. Macular pigment density for a typical observer measured along the horizontal (filled squares) and vertical (open circles) meridians (Hammond, Wooten and Snodderly [26] ). The lower panel shows the macular pigment density spectrum (Vos [27] ). Right panels: The upper panel shows the distribution of S-cones and total cones as a function of eccentricity. The lower panel shows sensitivity profiles across the temporal retina at different test wavelengths (Castaño and Sperling [28] . The test field was 10' in diameter with a 250 ms exposure duration. Steady adaptation was to a 572 nm, 10 4 Td, 12°diameter field. The "blue" function represents an average of data from test wavelengths 410, 435, 460, and 488 nm. The "green" function is an average of data from test wavelengths 520, 546, 580, and 620 nm. The data were adjusted to correct for macular pigment and eye lens absorption.
observer's settings would not be the quantal match. The resultant matching values would violate the quantal theory. Asymmetric discrimination around quantal matches has been reported for both chromaticity and luminance under a variety of experimental conditions [6, 16, [32] [33] [34] [35] .
D. Maxwell and Maximum Saturation Color Matches
The most compelling demonstrations of failure of Grassmann's laws come from studies comparing results from bipartite field maximum saturation and Maxwell color matches. In maximum saturation color matching [2] , a test light and one of the primaries are matched to the remaining two primary stimuli. An appearance identity is achieved after the radiances of the three primaries are appropriately adjusted by an observer. In the Maxwell color matching method [36] , three narrow band primary lights are first matched to a "white" reference light. Then the spectral test light replaces one of the primaries and the match is reestablished. This process is repeated for the full range of lights, with the ability to express by linear transformation the proportions of the primaries required to match each test light [11] . Maxwell matches are highly metameric, with a broadband comparison light being matched with an additive combination of three narrowband lights in the test field.
Crawford [8] was the first to compare directly the results from Maxwell and maximum saturation color matches. The results, expressed in chromaticity coordinates, deviated from one another in the short-to-middle wavelength region of the spectrum. Deviations are larger for large colorimetric fields but are present for field sizes from 1°to 10° [8, 10] . For test stimuli of wavelengths shorter than the short-wavelength primary, the short-wavelength and long-wavelength color matching functions were higher for the Maxwell match than for the maximum saturation match and the middle-wavelength color matching functions were lower. For test stimuli of middle and long wavelengths, color matching functions were similar for both matches. Zaidi [12] used a method that negated the potential computational issues in the transformation that allowed saturated and desaturated matches to be compared. Zaidi made maximum saturation matches and achieved a desaturated condition by adding a spatially homogeneous longwavelength light to the entire 2°matching field. Zaidi's data followed closely the results from Wyszecki's [11] comparison of color matching functions derived from Maxwell and maximum saturation matches in showing that more shortwavelength primary was required in the desaturated match than in the saturated match for short-wavelength test lights. It may be noted that the desaturated and Maxwell match results are congruent despite the fact that the Maxwell matches are highly metameric, while the desaturated matches have lower metamerism; the spectra on the opposite sides of the match are more like each other when the same desaturating light is added to both sides.
There is no generally accepted hypothesis as to the cause of the Grassmann's laws failure in the short-wavelength region. Explanations have included imprecision of the Maxwell match [11] , more than three types of photoreceptors, variations among peak wavelengths of absorption spectra of individual cones, possible failure of photoreceptor univariance [12] , rod intrusion, and postreceptoral interaction [37] . Experimental evidence [11, 12, 38] has discounted each of these ideas. Zaidi's procedure and results also eliminated fluorescence of ocular media [39] as a possible cause since the contribution would be the same for both sides of the field. Therefore we explored alternate explanations. In experiment 1 we asked whether a chromatic discrimination asymmetry might account for the failure of the quantal theory. If the matching ranges were asymmetric around the quantal match, the midpoint of the observer's settings would not be a quantal match. We measured just noticeable differences (JNDs) from the matching points under saturated and desaturated conditions, using a threealternative temporal forced-choice technique. These JNDs loosely defined two discrimination ellipsoids around the two matching points. If the matching range in either of the two matches was asymmetric, the two discrimination ellipsoids could overlap and the quantal match might be located in the overlapping space of the two ellipsoids. Overlap could also be due to a lack of precision. However, if the two ellipsoids did not overlap, neither the saturated nor the desaturated color match could be a quantal match: If a match under one condition satisfied quantal absorption equality, this match would be acceptable under the other condition. Experiment 1 found discrimination ellipsoids around the matching points from the saturated and desaturated matches not to overlap.
Experiments 2 and 3 were directed to understanding the mechanisms responsible for the matching discrepancies. We identify two contributory factors. First, the non-uniform distribution of the prereceptoral macular pigment filter results in a change in the light distribution across the stimulus field. If the two halves of a bipartite field contain spectral distributions that result in different absorption by macular pigment, then a match at each location across the edge separating the fields cannot occur. Such matches appear homogeneous; thus, as in the case for middle-to-long wavelength color matches, we assume the visual system achieves a quantal match at one eccentricity and tolerates the mismatches at other eccentricities. If this were all that was to occur, Grassmann's laws would hold. Consequently, there need be a second factor contributing to additivity failure. We present data consistent with the idea that the different adaptation conditions for the saturated and desaturated matches altered the relative sensitivities of parallel postreceptoral channels carrying signals from the L/M-cones and the S-cones. This, combined with the macular pigment optical density distribution and spatially dissimilar L/M-and S-cone distributions across the foveally fixated field, led to a shift in the matching location along the border with desaturation, and thus to a change in the color match.
GENERAL METHODS

A. Apparatus
The apparatus consisted of a five-channel Maxwellian view optical system linked to a laboratory computer (diagrammed in Yeh, Pokorny and Smith [40] ). A 450 W Xenon arc lamp provided a common light source for the three primaries, the test light, and the desaturating light. An additional 600 W mercury lamp was used as the test light source for the conditions that involved matches to a 435 nm test light. Mirror galvanometers controlled each of the primary light levels by deflecting light either into an integrating sphere or off an opaque mask. Sixteen bit D/A converters (National Instruments) and a Macintosh computer controlled the galvanometers. The output ports of two integrating spheres served as Maxwellian view sources for the colorimetric field. The observer viewed the colorimetric field through a 2.5 mm artificial pupil (for the field diameters and light levels employed, the natural pupil diameter was larger than 2.5 mm [41] ). Most experiments were run with a 2°bipartite field. The optical design provided spatially homogeneous fields; isomeric lights placed in both halves of the bipartite field appeared as a uniform circular light patch with no visible dividing line. By altering light paths, the test and primary lights could be placed pairwise in the test and comparison fields, or the three primaries could be placed in one field. A spatially homogeneous 580 nm field, obtained from the Xenon source, an interference filter, and an integrating bar [42] , could be superimposed on the entire colorimetric field. An electronically controlled shutter allowed discrete trial presentations for the experimental situations that required them. A chin rest helped stabilize the observer's head position. Observers used a switch box and a joystick to indicate their responses.
B. Calibration
The relative output of light as a function of the angular position of the mirror galvanometer was measured at the output port of the integrating sphere by a PIN silicon photodiode, a current amplifier, and a Macintosh computer with a 12 bit A/D converter. Readings were taken for each of 110 angular positions. Polynomials fitted to the measured output yielded linearized light output.
The spectral energy distributions of all lights were measured with a spectroradiometer (Optronics Laboratories Inc., OL 754-O-PMT). Retinal illuminance of each channel was measured with a spectrally calibrated radiometer (EG&G 550) placed at a distance from the artificial pupil on the observer's side [43] , with energy readings converted to photometric units using the Judd [44] Y color matching function. Retinal illuminance was 6 Td for the test lights, and 38 Td for the 580 nm desaturating light.
C. Observers
Two male observers (one of the authors, JX, and a naive observer, XML) participated in the experiments. Both were myopic and used corrective lenses (−6.00D for JX; −2.50D for XML) placed on the instrument side of the artificial pupil. The two observers had normal color vision as tested with the Ishihara plate test and the Neitz anomaloscope. Both observers showed excellent chromatic discrimination as evaluated by the Farnsworth-Munsell 100-Hue test with error scores of 7 (JX) and 22 (XML).
EXPERIMENT 1A: COLOR MATCHING FOR TEST LIGHTS BETWEEN 410 NM AND 510 NM
This experiment provided baseline data for the discrimination experiment. The experimental parameters were similar to Zaidi's [12] .
A. Procedure
The observers were instructed to look freely at the entire viewing field while doing the color match but to base their final judgments on the color appearance of the field when they fixated at the center of the field [45] . The method of adjustment was used. An eye-patch covered the unused eye (left eye for both of the observers). At the beginning of each trial, the computer randomly set the primary energies.
A pre-generated series of random numbers determined the order of presentation of the test lights. For each test light, five saturated matches (maximum saturation matches) were followed by five desaturated matches (matches with the desaturated light on). The protocol was then repeated to minimize possible instrument variation as well as the possible variation of the observer's criterion. There were a total of 10 saturated matches and 10 desaturated matches for each test wavelength. Matches for each test wavelength were completed on the same day. For test lights 410-450 nm, the 546 nm primary was added to the test light; for test lights 469-510 nm, the 650 nm primary was added to the test light.
After each match, observers made a confrontation judgment, i.e., observers were asked to determine if the matches they had just made remained matches in the alternate condition. Alternate conditions included (1) the desaturating light added to the saturated match just made; (2) the desaturating light turned off after a desaturated match was made. Figure 3 shows the color matching functions for the two observers. The units of the primary stimuli were adjusted to a radiant power of 1 nW. Open circles represent color matching results for the saturated matches while solid circles represent color matching results for the desaturated condition with 
B. Results: Tristimulus Values of the Nine Test Lights
measurements). The 650, 546, and 460 nm color matching functions are shown in the top, middle, and lower panels, respectively. Negative tristimulus values indicate that the primary was added to the test light. For all nine test wavelengths the observers each used similar amounts of the long-and middle-wavelength primaries for the saturated matches and desaturated matches. This was also true for the shortwavelength primary for test lights ≥469 nm. However, for the shorter wavelength test lights, both observers required significantly more short-wavelength primary to make a desaturated match than to make a saturated match (Student's t-test, P < 0.05).
Results from the confrontation judgments: For test lights of 410-450 nm, virtually none of the saturated matches (only one in observer XML's data) continued to appear as a match with the addition of the 580 nm desaturating light. Likewise, virtually none of the desaturated matches (1 in observer XML's data) remained a match following the extinction of the 580 nm desaturating light. For test lights of 469-510 nm, matches were usually accepted as matches following both directions of change in the saturation of the fields.
C. Discussion
The experiment showed that the observers always required more short-wavelength light to make a desaturated match than to make a saturated match in the short-wavelength region. The result was consistent with Wyszecki [11] in his comparison of maximum saturation and Maxwell matches, and with Zaidi [12] for added desaturant matches, in showing that the two types of color matches gave rise to different shortwavelength color matching functions.
The results from the confrontation judgments indicated that neither the saturated matches nor the desaturated matches for test lights in the short-wavelength region could be quantal matches since both matches were rejected in the alternative condition. If a match were a quantal match, it would have stayed a match whether the desaturating light was on or off. This question will be further addressed in more detail in experiment 1b.
EXPERIMENT 1B: JNDS FROM THE MATCHING POINTS
The usual strategy assumed to be used by an observer to make a color match by the method of adjustment is to manipulate the colorimeter knobs so that the final setting represents the center of a region of perceptual equality. In other words, the observer's instrumental manipulation is directed toward finding the origin of an ellipsoid in chromaticity/luminance space. The question is whether asymmetries in discrimination cause the chosen matches to be displaced from the quantal matches such that a quantal match is not necessarily at the centroid of the discrimination ellipsoid. If this is the case, the empirically determined matching points under the saturated condition, as well as under the desaturated condition, would still be at the centroids of their discrimination ellipsoids while the quantal match could be located within the overlapping area of the two discrimination ellipsoids. The hypothesis tested here was that differences in color matches might be caused by postreceptoral processes, which biased the observer from setting the quantal matches at the centroids of the discrimination ellipsoids.
The JND from the matching point was measured along numerous directions in MacLeod-Boynton [46] cone excitation space using a three alternative temporal forced-choice technique. These JNDs were used to define the discrimination boundaries in three-dimensional color space. Two discrimination boundaries were obtained: one with its center as the saturated matching point, another with its center as the desaturated matching point.
A. Stimuli
Color matches with and without the added desaturant were made using primaries of 460 nm, 546 nm, and 650 nm. These two matches were taken as the starting points from which JNDs were measured. A preparatory experiment was required to allow discrimination to be measured in all directions from a starting chromaticity; the 460 nm primary was replaced by 469 nm to locate a second matching point outside of the gamut of the three primaries employed in the experiment.
B. Procedure
The JNDs from the matching point were measured along 26 directions in the MacLeod-Boynton cone excitation space [ Fig. 4 ]. S-cone excitation, L/M-cone excitation, and luminance were considered as three variables. The directions were defined according to the Smith-Pokorny fundamentals [47] with the Judd [44] Y color matching function taken as the relative luminous efficiency function. JNDs were measured using a three-alternative forced-choice method with two randomly interleaved staircases. The observer adapted to the dark viewing field for three minutes. A button press initiated trial. The three stimuli were of 1 sec. duration, with the onsets being identified by 0.5 sec. auditory beeps. Two of the intervals presented identical stimuli; the third varied along the dimension under consideration. There were 0.75 sec. dark interstimulus intervals. The observer's task was to indicate which of the three stimulus intervals showed the field different from the other two by pressing one of the three response box buttons. Thresholds were measured using a 2-down-1-up double staircase procedure. For the first trial of each staircase, the linear amplitude of the variation was 0.005 (S-Td [48] for variation of S-cone excitation, L Td for variation of [L-M] cone excitation, photopic Tds for variation of retinal illuminance). Subsequent reversals led to step size reductions until the step was less than or equal to 0.001. The mean amplitude of four reversal points with a 0.001 step gave the staircase threshold and the mean of the two staircases was taken as the discrimination threshold along that direction. For each direction, the mean of two threshold measurements was taken as the final estimate of threshold.
C. Results
The results from two observers are plotted in Fig. 5 . The center point, indicated by an arrow in each group, represents the matching point while circles joined by dashed lines were discrimination threshold points (JND) along certain directions. The solid circles represent results from the desaturated matching point while the open circles are the results from the saturated matching point. A portion of the data set is graphed in each of the five graphs. Each cube next to the main graph indicated how this part of the data fitted in the total data set. The graphed data points correspond to the dashed plane in the cube. Data points with no variation along the luminance axis are graphed in Fig. 5(a) . Equal luminance held for each subgroup of the data points in this graph but not for the two complete groups since the two matching points (indicated by arrows were not of equal luminance. Figure 5(b and c) show the data points with no variation along L/M-cone excitation and S-cone excitation, respectively. Again, L/M-cone excitation or S-cone excitation is not equal between the two subgroups of data points. Figure 5(d) shows data points on a plane parallel to the luminance axis, perpendicular to the equal luminance plane (formed by the S-cone and L/M-cone excitation axes) and passing through a special line on the equal luminance plane. This line, the 45°line, passes through the saturated matching point and has the same algebraic variations as S-cone excitation and L/M-cone excitation (S-cone excitation at 400 nm is defined as 1). The X-axis represents the distance between the original experimental data point and a luminance axis passing through the saturated matching point. A positive distance indicates that the original experimental data point is at the right side of the luminance axis on the previously defined plane. Figure 5 (e) shows the data points on a plane similar to the one in Fig. 5(d) except passing through the −45°line, which passes through the saturated matching point and has the same absolute variations, yet with opposite signs of S-cone excitation and L/M-cone excitation.
D. Discussion
The failure to find overlap of the discrimination ellipsoids led us to reject the hypothesis that the discrepancy in color matches might be caused by instrumental or postreceptoral processes that biased the observer so that the quantal match was not at the centroid of the discrimination ellipsoid. The failure of Grassmann's law was not due to an asymmetry in discrimination around the match.
EXPERIMENT 2: RETINAL INHOMOGENEITY
In experiment 2, we considered the role of retinal inhomogeneity. Macular pigment absorbs in the spectral region where discrepancies between saturated and desaturated color matches are found. Here we analyze data for 435 nm, a wavelength where there was a substantial difference between the saturated and desaturated matches. For the color match 435 nm 546 nm matched to 460 nm 650 nm, the 546 and 650 nm lights are inconsequentially absorbed by macular pigment. However the 460 nm light is absorbed to a greater degree than 435 nm light [27, 49] . Thus with variation in macular pigment absorption across the stimulus field, the quantal match can be achieved for a foveally fixated field at only a pair of equally eccentric locations along the dividing line between the two hemifields. If an observer were to make color matches at different spatial locations within the stimulus field under the saturated and desaturated conditions, a different amount of short-wavelength primary would be set for the two conditions.
According to the quantal hypothesis, a foveal color match is made when the quantal excitations of the three cone photopigments are each equal for the pair of matching fields. In this event, the role of postreceptoral factors is nil since signals in the postreceptoral channels must be equal. Further, variability in the primary settings of repeated matches should be independent. However when quantal matching fails, the role of postreceptoral processing should be considered. Modern studies have revealed three major parallel postreceptoral channels that convey color information to the brain. The Magnocellular pathway processes the summed output of the long (L-) and middle (M-) wavelength sensitive cones to signal luminance information. Both cone types contribute to the centers and surrounds of Magnocellular pathway receptive fields [50] . The Parvocellular pathway mediates spectral opponency of L-and M-cones to signal chromatic and luminance information. The Koniocellular pathway differentiates S-cone signals from the sum of the L-and M-cone signals. Links between the three retinogeniculate pathways and psychophysically measured visual function are well established [51] . When multiple postreceptoral channels are considered, we may entertain the idea that one or other channel may dominate the observer's matching strategy.
We calculated the luminances of the test and primary lights for the two sides of the bipartite field for the 435 nm test light. Figure 6 shows the luminance for one side of the bipartite field, (primary 546 nm and test light 435) plotted versus the luminance for the other side of the bipartite field (primaries 460 nm and 650 nm). Each data point represents one match. Saturated match data are in the upper panels, coded by open circles. Desaturated match data are in the lower panels, coded by solid circles. Data from two sessions are shown. The saturated match data fell closely on the equal luminance line. The desaturated match data were nearly perpendicular to the equal luminance line. The results show that the observer made precise luminance matches in the saturated condition but made precise chromatic matches in the desaturated condition. Thus, the observers minimized luminance errors in the saturated condition, presumably because the mechanism mediating luminance discrimination was more sensitive, while the observers minimized chromatic differences in the desaturated condition, presumably because the mechanism mediating chromatic discrimination was more sensitive. It appears that the addition of the desaturant altered the discrimination capacities of the mechanisms responsible for chromatic and luminance discrimination.
We tested this hypothesis in a direct way. Observers were asked to make isomeric color matches between two narrow band stimuli, a fixed 435 nm light and a test light of adjustable wavelength and luminance. Repeated matches were made with and without a desaturant. The prediction for the hypothesis that the better-discriminating postreceptoral channel changes with the addition of the desaturant was that there would be less variability in the observer's luminance setting in the saturated condition and less variability of the observer's wavelength setting in the desaturated condition. This protocol allows an evaluation of the precision of luminance and wavelength settings under conditions where the averaged results should be the same for the saturated and desaturated matching conditions.
METHODS
A. Apparatus A three-channel Maxwellian view optical system provided a circular 2°bipartite test field with a 10 Td 435 nm reference field and a variable test field that could be varied in wavelength and luminance. The reference field originated from a mercury arc lamp and a 435 nm interference filter. A tungsten halogen lamp served as a common light source for the test and desaturating fields. A diffraction grating monochromator (500 mm Bausch & Lomb, slits set to yield a 4 nm half-height bandwidth) and long-wavelength blocking filter controlled the spectral content of the variable field and a logarithmic neutral density wedge controlled luminance. A 580 nm interference filter provided the 38 Td desaturating field.
B. Procedure
The test light was offset from an isomeric match. The observer adjusted the wavelength and luminance of the test light to restore a match with the 435 nm reference light. Ten saturated matches and 10 desaturated matches were collected for each observer. Figure 7 shows the standard error of the observer's 10 settings of luminance (upper panel) and wavelength (lower panel). The luminance settings were less variable in the saturated matches than in the desaturated matches. The variability of the wavelength setting was almost two times less in the desaturated matches than in the saturated matches. The data confirmed the hypothesis that postreceptoral pathway sensitivities may vary with saturation. In the saturated condition, the luminance mechanism was more sensitive, hence less variable. In the desaturated condition the chromaticity mechanism was more sensitive, hence less variable.
C. Results
D. Discussion
It is possible with judicious choice of primary and test chromaticities to achieve equal absorption by macular pigment on both sides of a colorimetric field [52, 53] . In this case, when a color match is made there is variation in photoreceptor quantal catch from the center to the edge of the field, but there is an equivalence of quantal catch across the border between the colorimetric fields at all radii within the field. This condition is however an exception, most color matches involving shortwavelength lights do not have equal absorption by macular pigment on both sides of a colorimetric field. Thus when an observer sets a color match, a quantal match across the border can only be achieved at one radius within the field. Bipartite 2°colorimetric matches usually appear homogeneous; the visual system ignores the physical mismatches elsewhere along the border.
EXPERIMENT 3
In experiment 3, we considered the role of postreceptoral factors. We explored whether experimental manipulations that modify the discrimination capabilities the postreceptoral channels might alter the effect of the desaturant. Separating the test and comparison fields provides a way of impairing luminance discrimination to a greater extent than chromatic discrimination [54] [55] [56] . Here we separated the test and comparison fields in either space or time. In experiment 3a, we used the method of successive color matching; in experiment 3b, we presented concurrently two small separated fields symmetric to fixation.
METHODS
A. Apparatus For experiment 3a, the colorimeter described for experiments 1 and 2 was modified to include a rotating mirrored bow-tie shaped disc. This allowed temporal alternation of the color matching fields, i.e., the mixture of 435 nm and 546 nm lights alternated with the mixture of the 460 nm and 650 nm. The field size was 2°. The alternation frequency was 0.5 Hz. A dark bar about 10 minutes in length located at the edge of the 460 650 nm field allowed the observer to identify the epochs. For experiment 2b, the observer viewed two 1°diameter circular fields whose centers were separated by 2°.
B. Procedure
Procedures were similar to those described for experiment 1. In experiment 2a, the observers fixated at the center of the field. In experiment 2b, the observers were instructed to view the fields freely or to scan back and forth between the two 1°c ircular fields. Ten saturated matches and 10 desaturated matches were obtained using the method of adjustment.
C. Results
Experiment 3a: Successive matching. For both observers the amounts of the 460 nm, 546 nm, and 650 nm primary were similar for the saturated and desaturated matches. The standard errors of the color matches using temporal alternation were comparable to those for bipartite field matching. The use of successive matching did not affect matching precision. Experiment 3b: Separated fields. For both observers the amounts of the 460 nm, 546 nm, and 650 nm primary were similar for the saturated and desaturated matches. The standard errors of the color matches using temporal alternation were similar to those for bipartite field matching. Figure 8 shows the short-wavelength tristimulus values of the test light (435 nm) for the successive and the separated matches compared with the bipartite field match (data replotted from experiment 1). The 546 nm and 650 nm tristimulus values did not differ across conditions and are not plotted on the figure. For both of the observers, the 435 nm tristimulus values for both the successive and separated matches fell above the maximum saturation bipartite field match. The tristimulus values obtained from separated fields were greater than those from the contiguous bipartite field matches, and were most similar to desaturated contiguous bipartite matches. The difference between the quantities of the shortwavelength primary in the separated field matches and in the saturated contiguous bipartite matches was significant (Student's t-test, P < 0.05). The data showed that separating the test and comparison fields in either time (successive matches) or space (separated matches) eliminated the discrepancy in the amount of the short-wavelength primary set for the saturated and desaturated matches. Thus the difference in color matches for the saturated and desaturated conditions is dependent on the fields being spatially congruent, separated by a border.
D. Discussion
There are many examples of visual tasks that reveal different visual system strategies in weighting inhomogeneities across a visual field. As mentioned previously, for bipartite field color matches neither the perimeter nor the center of the fovea determined the match point. Tasks involving luminance rather than color appear to weigh more heavily toward edges. Studies employing stimuli with a low contrast luminance discontinuity indicate that brightness is determined at a field's edge [57] [58] [59] . Macular pigment density measured with flicker photometric techniques is generally found to reflect the pigment density at the edge of the modulated test stimulus [25, 26, 60] . Studies on the perception of spatial patterns show that the optimally sensitive retinal area varies with spatial frequency [61, 62] .
In Zaidi's [12] and the present experiments, two of the primaries (546 nm and 670 nm) did not appreciably stimulate the S-cones. Thus, at the color match the S-cones should have the same quantal catch from the short-wavelength test light and the short-wavelength primary. The short-wavelength color matching function should characterize the spectral sensitivity function of the S-cones. Zaidi compared the short-wavelength color matching functions obtained in the saturated match as well as in the desaturated match with the Stiles π 1 [63] , finding good agreement between the π 1 spectral sensitivity and the short-wavelength color matching functions measured in the desaturated condition.
Here we found no systematic differences between the short-wavelength primary tristimulus values from the successive or small, separated field matches. Both were close to the tristimulus values in the desaturated bipartite matches but not to the tristimulus value in the saturated bipartite matches.
Our analysis of short-wavelength color matching concluded that observers made their matching judgment based primarily upon luminance equality between the two half fields in the saturated matches, and upon chromaticity equality in the desaturated matches. This is consistent with Tyndall's report [64] that hue discrimination improves in the short-wavelength region (around 460 nm) when a short-wavelength light is desaturated with white. Desaturation with a white light caused the difference in quantum catches for two fields to decrease both absolutely and relatively. One would expect that hue discrimination would deteriorate rather than improve as a result of desaturation since hue perception depends upon the relative quantum catches in the different classes of photoreceptors. Mollon and Estévez [65] noted that at 460 nm, the ratio of the quantal catch rate of S-cones to that of the Land M-cones is high. They reasoned that wavelength discrimination at 460 nm was impaired because these high chromatic signals were close to saturation values so that the postreceptoral neurons conveying information about S-cone excitation were less sensitive to perturbations. Desaturation could reduce these high chromatic signals and bring the neurons back to a more favorable operating region. To identify whether the release from the saturation effect occurred at a receptoral site or postreceptoral chromatically opponent site, Mollon and Estévez extended Tyndall's experiment by using desaturating lights of middle and long wavelengths that did not appreciably stimulate S-cones. In this way Mollon and Estévez were able to hold the short-wavelength signal constant while allowing the quantal catch ratios to vary. Their results were consistent with a postreceptoral site. The present study broadened and strengthened the evidence that postreceptoral factors can affect color matches under certain conditions. Psychophysical measurement of macular pigment has typically involved comparing function at central and peripheral locations in the visual field. There is a discrepancy in the macular pigment density spectrum estimated with color matching [66, 67] and with isolation of a single cone class [68] , heterochromatic flicker photometry [25] , or autofluorescence [69] . The latter three techniques yield a density spectrum closely resembling in vitro measurements [49] . When estimating the macular pigment density spectrum with color matching, foveal color matches would have the same properties as the matches reported here, but the peripheral color matches would not be subject to the consequences of inhomogeneous filtering by macular pigment. Thus the analysis presented here may account for some or all of the discrepancy between techniques. Differences in visual system averaging across space may also be relevant to discrepancies seen in the estimated macular pigment spectrum at short wavelengths when measured with isolated S-cones compared with measurements with isolated L-or M-cones [70] .
We infer that the S-cone, Koniocellular pathway mediates fine chromatic discrimination in the short-wavelength region. The pathway mediating fine luminance discrimination is equivocal; parvocellular and magnocellular mediated achromatic discrimination for stimuli of extended duration can be similar [71, 72] . The mechanism by which the visual system establishes the spatial location within the stimulus field that is accepted as a quantal match is unknown, and likely differs for the L/M-and S-cone mediated color matches. The difference in maximum saturation and Maxwell color matches is reported to be greater for a 10°field than for a 2°field [8, 10] , a result not predicted by the present analysis.
CONCLUSIONS
We conclude that the failure of Grassmann's law for bipartite color matches in the short-wavelength region is due to three factors: spatial inhomogeneity of the macular pigment distribution, the spatially dissimilar L/M-and S-cone distributions, and a change in the weightings of postreceptoral mechanisms mediating S-cone chromatic and L/M-cone luminance discriminations. The change of the adaptation state alters the weighting factors of the decision rules of the visual system so that in the saturated condition the parvocellular and/or magnocellular pathway conveying L/M-cone information had greater sensitivity, while in the desaturated condition the koniocellular pathway conveying S-cone information had greater sensitivity. The change in postreceptoral mechanism having greater sensitivity led to shifts in the matching location along the bipartite field border. The luminance mechanism has sensitivity across the entire bipartite field whereas the S-cone spatial distribution leads to a central 0.35°scotoma for the postreceptoral mechanism conveying S-cone information. The macular pigment densities in the two matching locations differ, so the two matches required different amounts of the short-wavelength primary. Previous studies showed that separating the test and comparison fields impairs luminance discrimination to a greater extent than chromatic discrimination. When the test and comparison fields were separated in either space or time, the amount of the short-wavelength primary was set for the saturated and desaturated matches was the same. The difference in color matches for the saturated and desaturated conditions is dependent on the fields being spatially juxtaposed, separated by a border.
